Carbonic anhydrase, a zinc metalloenzyme, catalyzes the reversible hydration of carbon dioxide to bicarbonate. It is involved in processes connected with acid-base homeostasis, respiration, and photosynthesis. More than 100 distinct human carbonic anhydrase II (HCAII) 3D structures have been generated in last 3 decades [ CO 2 binding ͉ crystal pressurization ͉ radiation driven reaction ͉ substrate-product complex structure T he HCAII enzyme is a functional 29-kDa monomer consisting of a 10-stranded, twisted ␤-sheet. The active site is located at the bottom of a 15-Å cone-shaped cavity that leads to the center of the protein (37). Key features of the active site ( Fig.  1 ) include a zinc ion coordinated tetrahedrally by 3 histidine residues (His-94, His-96, and His-119) and a water molecule/ hydroxide ion as a fourth ligand (Wat-263).
T
he HCAII enzyme is a functional 29-kDa monomer consisting of a 10-stranded, twisted ␤-sheet. The active site is located at the bottom of a 15-Å cone-shaped cavity that leads to the center of the protein (37) . Key features of the active site ( Fig.  1 ) include a zinc ion coordinated tetrahedrally by 3 histidine residues (His-94, His-96, and His-119) and a water molecule/ hydroxide ion as a fourth ligand (Wat-263).
Thr-199, a key residue of the second coordination sphere, is important for enzyme activity; together with Thr-200, it is involved in a finely tuned network of hydrogen bonds leading toward the solvent-exposed His-64, which is located at the entrance of the active-site channel. Thr-199 forms a hydrogen bond to the zinc-bound water/hydroxide (Wat-263), thereby orienting the 2 lone hydroxide electron pairs toward the 2 neighboring water molecules (Wat-318 and Wat-338) that reside on potential substrate-binding sites. Although both positions are suitable for a nucleophilic attack of the zinc-bound hydroxide ion, their environments differ substantially.
Wat-318 is located in a hydrophilic environment on the way out of the active-site cone, whereas the ''deep water'' Wat-338 is located in a hydrophobic pocket that is lined by the following side chains: Leu-198, Trp-209, Val-143, and Val-121 (Fig. 1) . A wealth of indirect evidence indicates that the deep water Wat-338 position serves as the primary substrate-binding site (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , although the atomic details of enzyme and substrate-product interaction have remained elusive until now.
The generally accepted catalytic mechanism of carbonic anhydrase (13) is described by a 3-step kinetic scheme: (i) a Zn-OH Ϫ moiety catalyzes the interconversion of CO 2 to HCO 3 Ϫ , leaving a water molecule as the fourth zinc ligand (Eq. 1); (ii) a proton is then transferred from the zinc-bound water to the imidazole ring of His-64 (Eq. 2); and (iii) this proton then leaves His-64 for the surrounding solvent (Eq. 3).
The pK a values for both the zinc-bound water and the proton shuttle (His-64) are close to 7. Xenon under pressure was for the first time used in structural biology employing either solution NMR or single-crystal X-ray diffraction methods to probe cavities in protein structures (14, 15) . The crystal pressurization with noble gases, such as xenon or krypton, was subsequently recognized as a successful heavy atom derivatization method to solve the phase problem in macromolecular crystallography (16) . We used this method for functional studies of an enzyme-substrate complex, similarly to Author contributions: B.S., M.P., and K.D.-C. designed research; B.S. and M.P. performed research; B.S. and M.P. analyzed data; and B.S., M.P., and K.D.-C. wrote the paper.
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Data deposition: The atomic coordinates have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 2vva and 2vvb). what has been reported for isopenicillin N synthase (17) . Here, we exploit the pH decrease that is induced in the crystal by CO 2 , as well as the delivery of substrate at concentrations much greater than what is possible at atmospheric pressure.
Results and Discussion
The enzyme-substrate complex was generated by pressurizing a crystal of HCAII with CO 2 , followed by flash cryocooling at 77 K. Pressurization with CO 2 has a dual effect: (i) it decreases the pH in the crystal via the spontaneous reaction of CO 2 with water (CO 2 ϩ H 2 O º HCO 3 Ϫ ϩ H ϩ ), and (ii) it supplies substrate to the enzyme at a high concentration. At pH levels lower than 6, the enzyme is in an inactive state (left part of Eq. 2), during which CO 2 can bind the active site but cannot be converted to bicarbonate.
A structure obtained from diffraction data collected from a CO 2 -loaded HCAII crystal was refined to 1.56-Å resolution (Table 1 ) and displayed the CO 2 located in the active site of the enzyme ( Fig. 2A) . The O2 oxygen atom of CO 2 was at 0.5 Å from the position formerly occupied by the deep water Wat-338, which in turn was in a new location within hydrogen-bonding distance of Thr-199 N; Thr-200 N; O␥; the catalytic waters Wat-263, Wat-318, and Wat-389 (the last not shown in Fig. 2) ; and the above-mentioned O2 oxygen of CO 2 .
CO 2 is sandwiched between the polar environment facing the active-site channel and the wall of the hydrophobic pocket. The position and orientation of the substrate are well-defined by several direct polar and van der Waals interactions, respectively ( Fig. 2 A) . The binding mode of CO 2 explains previous reports of drastically decreased enzymatic activity (10-fold to 10 5 -fold compared with wild type) when the volume of the hydrophobic pocket is decreased by various residue mutations (Val-121, Val-143, Leu-198) with bulkier side chains, whereas enzymatic activity is only moderately decreased (2-to 3-fold) as a result of single-residue mutations that enlarge the pocket (4, 5, 9, 10, 18) .
The fact that we observed the nonprocessed CO 2 molecule bound at the active site clearly proves the Zn 2ϩ ion is coordinated by the water molecule and not a hydroxide, which would immediately react with the CO 2 to create bicarbonate. The distance of 2.0 Å between the catalytic water (Wat-263) and the Zn 2ϩ ion is comparable to distances reported for other complexes mimicking the HCAII active site (1.97-2.04 Å) (19) .
A second CO 2 molecule was found in a hydrophobic cavity Ϸ12 Å from the zinc ion. This pocket was located in the hydrophobic core of the protein and was not surface-accessible. Such hydrophobic cavities are typical binding sites for noble gases (20) , and indeed an Xe atom was observed in this position in an Xe-loaded HCAII crystal, as well as in the hydrophobic pocket of the relative active site.
There was a 2-month interval between the collection of the first and the second dataset from the same crystal, which had been stored in liquid nitrogen. Structural analysis showed that the CO 2 bound in the active site was partially converted to bicarbonate (we detected a mixture of CO 2 /HCO 3 ). This finding prompted the collection of a third dataset from the same crystal (Table 1) , in which we observed only bicarbonate in the active site (Fig. 2B) . In a control experiment, we loaded an HCAII crystal with CO 2 , flash-cooled it in liquid nitrogen, and collected a diffraction dataset from the crystal after storage for 2 months in liquid nitrogen. Structural analysis of this complex clearly showed only CO 2 bound to the active site, with no evidence of product generation.
The 3 structures, in which the carbon dioxide in the active site was gradually transformed into bicarbonate as a function of the increasing absorbed X-ray dose, led to the design of an X-ray diffraction experiment to monitor and quantify structural changes associated with substrate-product interconversion and to determine the X-ray dose needed for enzyme activation. Diffraction data were collected at a 1.278-Å wavelength and processed in overlapping batches on an HCAII crystal freshly loaded with CO 2 . A total of 103 complete datasets staggered by 45°y ielded 103 distinct refined structures (snapshots) that show consecutive average states of the enzyme in the crystal (Table S1 ).
The adopted experimental strategy resembles that of Berglund et al. (21) and is described in detail in Materials and Methods and in Movie S1, Movie S2, and Tables S1 and S2. We assembled the enzyme snapshots into a movie showing the conversion of CO 2 to bicarbonate at the active site as a function of increasing applied X-ray dose (see Movie S1, Movie S2, and Tables S1 and S2). The movie starts in a state corresponding to the HCAII:CO 2 complex, Numbers in parentheses refer to the last resolution shell. Rmerge ϭ ⌺͉Ii Ϫ ͗I͉͘/⌺Ii, where Ii is the intensity of an individual reflection and ͗I͘ is the mean intensity of that reflection. R value ϭ ⌺͉F o Ϫ Fc͉/⌺Fo. Rfree is the cross-validation R value computed for a subset of reflections, omitted in the refinement process (5% of the total number of reflections).
proceeds through decreasing substrate to product ratios, and ends in a state with 65% CO 2 and 35% bicarbonate. At this point, the total dose absorbed by the crystal was 5.9 ϫ 10 6 Gy (Ϸ30% of the Henderson limit; ref. 22 ), corresponding to 1 absorbed photon in 37% of the unit cells of the crystal.
This indicates that 1 primary event of photon absorption leads to formation of approximately 2 molecules of bicarbonate; thus, the conversion from CO 2 to HCO 3 Ϫ cannot be driven by the primary event of photon absorption alone, but must include secondary cascades resulting from the primary event.
Overall structures of the HCAII:CO 2 complex are very similar to that of the wild-type enzyme [Protein Data Bank (PDB) code 2CBA] (3), with an rmsd of 0.36 Å after superposition of equivalent C␣ atoms. Seemingly, the HCAII:HCO 3 Ϫ complex is highly preserved compared with the HCAII:CO 2 (rmsd of 0.13 Å for equivalent C␣ atoms). The second CO 2 molecule, which we regard as an internal control, was unprocessed and bound in the hydrophobic cavity with a conserved occupancy of one.
The binding mode of bicarbonate was compared to that found in the HCAII T200H (12) mutant and human isoenzyme I (HCAI) (6): the O2 atom of bicarbonate is 0.7 Å from its former position in CO 2 and 0.4 Å from the deep water Wat-338 position, whereas the O3 atom is coordinating the Zn 2ϩ ion at a distance of 2.0 Å. The mode of binding of bicarbonate we reported is very similar to HCAI and HCAII T200H complexes; data clearly indicate the interaction we observed is genuine, and we were witnessing a reaction as it occurred in a native enzyme; hence, excluding X-ray radiation or crystal environment-induced artifacts.
Comparison of the active sites of CO 2 -loaded native enzyme and the HCAII:bicarbonate complex (Fig. 3) shows that activesite geometry remained unperturbed upon substrate-product conversion. The changes/differences only involve positions of critical water molecules and the binding of CO 2 /HCO 3 Ϫ along with their diverse environment interactions. HCO 3 Ϫ lies in approximately the same plane defined by CO 2 and the catalytic water (Wat-263) within the HCAII:CO 2 complex (Fig. 3) . The short distance of 2.4 Å between Wat-318 and the zinc-bound oxygen O3 of HCO 3 Ϫ indicates this water will replace the bicarbonate O3 formerly bound to zinc, to become the catalytic water in the next enzymatic cycle. The position abandoned by Wat-318 will in the course of the catalytic cycle be filled by Wat-292, located at the entrance of the cone leading to the active site (Fig. 3) .
The unexpected recovery of enzyme activity during X-ray exposure may be caused by diverse radiation-induced events. For the reaction to proceed in the enzyme (inactive because of low pH), the zinc-bound water molecule must release a proton. This results in an active enzyme, in which a hydroxide ion reacts with the carbon dioxide to create bicarbonate.
We considered different, mutually nonexclusive mechanisms caused by the photoelectric effect, which is responsible for 84% of the photons absorbed by the matter at these energies (23): (i) a macroscopic increase in pH via radiolysis of water molecules in the bulk solvent caused by the primary and secondary electrons generated during X-ray-sample interaction (24, 25) ; and/or (ii) a shielding/masking effect by the produced electrons on the positively charged H ϩ species in the bulk, mimicking a pH increase; and/or (iii) a local event involving photoionization or electronic ionization of the zinc-bound water molecule, creating a hydroxyl radical that either recombines with an electron to yield the required hydroxyl ion or reacts with CO 2 to create a bicarbonate radical that would, in turn, recombine with an electron or hydrogen radical from the neighborhood. The local photoionization or electronic ionization of water has a higher probability close to the zinc ion, which would result in generation of primary and secondary electrons in the vicinity of the metal ion because of its larger photoelectric cross-section. Dubnovitsky et al. (26) observed a similar deprotonation event due to absorbed X-ray dose in crystals of phosphoserine aminotransferase, along with concomitant structural changes in a Schiff base, but the authors did not offer an explanation.
To attempt to distinguish between the possible mechanisms of HCAII activation by X-rays, we repeated the data collection at a 0.94-Å wavelength (Table S2) , far from the zinc-absorption edge. At the same absorbed dose (30% of the Henderson limit), we found no significant difference in the substrate to product ratio with respect to the 1.278 Å dataset (70%:30% CO 2 /HCO 3 Ϫ at 0.94 Å compared with 65%:35% CO 2 /HCO 3 Ϫ at 1.278 Å). We additionally observe that the process does not depend on the dose rate: the 2 experiments were conducted by using beams that differed by more than one order of magnitude in flux (3.6 ϫ 10 10 at 1.278 Å and 7.2 ϫ 10 11 photons per second at 0.94 Å, respectively). The finding that the photon energy (at the zincabsorption edge in the first case and far away from it in the second) does not influence the substrate to product ratios leads to the conclusion that the zinc ion and its interaction with X-rays do not play a pivotal role the process. This result does not clearly indicate the mechanism of the enzyme activation, but it does exclude a ''local'' effect affecting only the active-site zinc ion and bound water molecule, therefore promoting the hypothesis based on ''bulk'' effects resulting in a macroscopic increase of pH in the crystal.
Despite the high dissociation constant for CO 2 (100 mM; ref. 5) and the very high enzyme turnover rate, we generated a stable complex and its X-ray structure by pressurizing crystals of HCAII with CO 2 , thus inactivating the enzyme by concomitantly lowering the pH. We show that CO 2 has a distinct mode of binding in the hydrophobic pocket of HCAII, which explains many previous functional studies of active-site mutants. The enzyme reactivates in the crystal upon absorption of X-ray dose well below the Henderson limit, yielding an enzyme-product complex.
Radiation damage is a recognized phenomenon that damages and modifies macromolecular structure under crystallographic investigation (34) . Here, we report a radiation-driven event occurring during X-ray data collection, eventually leading to enzyme activation where X-ray-activated carbonic anhydrase drives the conversion of CO 2 to HCO 3 Ϫ in a single crystal kept at cryogenic temperature, and this is put forward as the most probable mechanism of activation radiolysis of water molecules in the bulk solvent caused by the primary and secondary electrons generated during X-ray-sample interaction.
Materials and Methods
Protein Production, Crystallization, and Pressurization. The protein was expressed in Escherichia coli and purified as described (27) . Crystals of HCAII were grown in a period of 3-4 days by using the hanging drop vapor diffusion method at 18.4°C by mixing a 1:1 volume ratio of protein solution (20 mg/mL HCAII in 20 mM Tris, pH 7.5) with mother liquor [2.4 M (NH 4)2SO4 in 100 mM Tris buffer, pH 8.5]. Before pressurization, the crystal was transferred to a drop of mother liquid supplemented with 20% glycerol. The drop was then overlaid with paraffin oil, transferred through the oil to the pressurization device (28) , and pressurized for 10 min at 10 bar. After pressurization, the crystal was flash-cooled into liquid nitrogen within approximately 2 seconds from the release of pressure.
Structure Determination of Complexes. X-ray diffraction data were collected at 100 K at the XRD1 beamline of the Elettra synchrotron source (Trieste, Italy) by using a Mar CCD detector. Data were processed by using Denzo (29) and programs from the CCP4 suite (30) . The structure refinement was performed with Refmac5 (30) using PDB code 2CBA without waters as a starting model. Manual model building was carried out with Coot (31), and pictures were produced with Pymol (32).
Movie Data Collection and Data Treatment Strategy. The data were collected at the European Molecular Biology Laboratory (EMBL) X11 beamline at the DORIS storage ring [Deutsches Elektronen Synchotron (DESY), Hamburg, Germany] by using a 1.278-Å wavelength, and at the European Synchotron Radiation Facility (ESRF, Grenoble, France) ID14-4 by using a 0.94-Å wavelength. In both cases, data collection strategy and data treatment were very similar.
For experiments at the EMBL/DESY X11 beamline, the flux of the X-ray beam was measured with a calibrated diode and found to be 3.6 ϫ 10 10 photons per second with a slit size of 0.3 ϫ 0.3 mm 2 and a current of 108 mA in the storage ring. The crystal used was chosen to be small enough to stay completely in the beam during the full data collection. A total of 4,770 diffraction images of 1°rotation each were collected from a single HCAII crystal pressurized with CO2 at 10 bars for 10 min. The size of the crystal was measured with a microscope to be 0.3 ϫ 0.1 ϫ 0.02 mm 3 , and the dose was calculated using RADDOSE (33) .
At the ESRF ID14-4 beamline, the diffraction data were collected from a smaller crystal (0.1 ϫ 0.14 ϫ 0.01 mm 3 ) and with smaller slits (0.15 ϫ 0.1 mm 2 ). The flux used for the dose calculations was taken as the average of the flux for each image (at ID14-4, the integrated counts are recorded for each image) of the particular dataset.
In both cases, the data were integrated with XDS (35) and scaled with Scala (30) in overlapping batches of 180°rotation. Each batch began at a phi-value that was 45°larger than the previous one, leading to a total number of 103 batches in case of the dataset collected at X11 at 1.278 Å. Because of the higher Fig. 3 . Stereoview of the overlay of the resting enzyme with the substrate and product. Superposition of active sites of resting enzyme (red), enzyme with CO2 substrate (green), and enzyme with bound HCO 3 Ϫ (yellow). Arrows indicate potential pathways of the water molecules from the entrance of the active-site channel toward the catalytic site.
